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Abstract
Background: A third DNA strand can bind into the major groove of a homopurine duplex DNA
to form a DNA triple helix. Sequence specific triplex formation can be applied for gene targeting,
gene silencing and mutagenesis.
Results:  We have analyzed triplex formation of two polypurine triplex forming
oligodeoxynucleotides (TFOs) using fluorescence resonance energy transfer (FRET). Under our
conditions, the TFOs bind to their cognate double strand DNAs with binding constants of 2.6 
105 and 2.3  106 M-1. Our data confirm that the polypurine TFO binds in an antiparallel orientation
with respect to the polypurine DNA strand and that triplex formation requires Mg2+ions whereas
it is inhibited by K+ions. The rate of formation of triple helices is slow with bimolecular rate
constants of 5.6  104 and 8.1  104 min-1 M-1. Triplex dissociation was not detectable over at least
30 hours. Triplex formation is sequence specific; alteration of a single base pair within the 13 base
pairs long TFOs prevents detectable triplex formation.
Conclusion: We have applied a FRET assay to investigate the specificity of DNA triple helix
formation. This assay is homogeneous, continuous and specific, because the appearance of the
FRET signal is directly correlated to triplex formation. We show that polypurine TFOs bind highly
specifically to polypurine stretches in double stranded DNA. This is a prerequisite for biotechnical
applications of triple helices to mediate sequence specific recognition of DNA.
Background
It has been discovered in 1957 that a homopyrimidine
DNA strand (triplex forming oligonucleotide, TFO) can
bind to a homopurine/homopyrimide DNA duplex in the
major groove by forming Hoogsteen base pairs with the
homopurine strand [1]. The Hoogsteen base pairing
scheme mediates sequence specific recognition of the
double stranded DNA by the TFO where an AT base pair
is recognized by a T and a GC base pair by a C that is pro-
tonated at N3 (reviews: [2–4]). Later it was found that
homopurine strands can also specifically form a DNA tri-
plex in which the AT base pair is contacted by an A and the
GC base pair by a G [5]. Triple helix formation with pu-
rine rich TFOs is less pH sensitive but requires divalent
cations like Mg2+[6–8]. In either case, the two pyrimidine
strands and the two purine strands must be arranged in an
antiparallel orientation to form a stable triplex (reviews:
[2–4]). Triple helix formation has been employed for var-
ious purposes in biotechnology like gene targeting, muta-
genesis and inhibition of gene activity (reviews: [9–11]).
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In this work, we investigate the sequence specificity of tri-
ple helix formation, which is the prerequisite for all bio-
technological applications. It has been shown that triplex
formation with polypyrimidine TFOs is very sequence
specific. The energetic penalty of one single mismatch is
similar to that observed in double stranded DNA [12–16].
Similar results were published for polypurine TFOs
[17,18]. However, many analyses of triplex formation
were carried out with assays like UV melting, CD melting,
differential scanning calorimetry, gel electrophoresis,
footprint analysis, affinity cleavage, chromatography and
filter binding. Most of these assays are heterophasic and
the signal often is not directly correlated to triplex forma-
tion. In contrast, Yang et al. have introduced a fluores-
cence resonance energy transfer (FRET) assay to analyze
triple helix formation that is homophasic and allows to
study the kinetics and thermodynamics of this process
[19]. In this assay, the double stranded DNA is labeled
with fluorescein and the TFO carries a rhodamine label. If
a triplex is formed, FRET takes place between the fluores-
cein donor and the rhodamine acceptor (Fig. 1B). This
FRET signal is directly correlated to the formation of triple
helices. We have employed this method here to character-
ize triplex formation of polypurine TFOs and show that it
is highly sequence specific.
Results and Discussion
Detection of triple helix formation by FRET
We have investigated the biochemical and biophysical
properties of a stable purine(purine-pyrimidine) triplex
[7], and checked for its sequence specificity. We used a 21
mer double stranded DNA, DS1, that contains a homop-
urine stretch of 16 base pairs (Fig. 1). The pyrimidine
strand carries a 6-carboxyfluorescein (FAM) label on its 5'
end. The corresponding 13 mer TFO1 is 5' labeled with 5-
carboxytetramethylrhodamine (TAMRA). FAM and TAM-
RA form a FRET pair with an R0 of 49–54 Å [20]. After tri-
plex formation, the donor and acceptor groups are
separated by 4 base pairs which according to computer
modeling corresponds to a distance of approximately 15
Å. Therefore, a direct interaction of the fluorophors,
which is unfavorable for the assay, cannot occur, but the
probes are well within a distance that should lead to high-
ly efficient FRET.
After excitation of DS1 alone at 470 nm, a strong fluores-
cence of the FAM-acceptor group is detected at 520 nm
(Fig. 2A). In contrast, the emission of the TAMRA group
was almost not detectable (580 nm) if TFO1 alone was ex-
cited at 470 nm. After mixing DS1 and the TFO1 and an-
nealing at 55C for 10 min, FRET from FAM to TAMRA
occurs as illustrated by a decrease in FAM fluorescence and
concomitant increase in the intensity of the emission of
the TAMRA group. In the absence of Mg2+ no FRET signal
was detectable (Fig. 3) confirming the finding in the liter-
ature that triplex formation with polypurine TFOs re-
quires divalent cations [6–8]. We also did not observe a
FRET signal in the presence of K+ions (data not shown)
which are known to inhibit triple helix formation of G-
rich TFOs by stabilization of quadruplex structures of the
TFO [8,21]. These results show that the FRET assay is well
suited to detect formation of DNA triple helices.
To check the general feasibility of this technique, we have
used an additional pair of DNA and TFO. To this end, the
sequence of TFO1 was changed at four positions to create
TFO2 that should specifically bind to DS2. Triple helix
Figure 1
Oligonucleotides used in this study. A) Sequences of the
TFOs and DNAs used in this study. B) Principle of the FRET
assay used in this study. F denotes for 6-FAM, T for TAMRA;
the R0-value of this pair for fluorophors is 49–54 Å.
3`GGGGAGGGGGAGG´5
5`TACCGGGGAGGGGGAGGAAGC´3
3`ATGGCCCCTCCCCCTCCTTCG´5
|||||||||||||||||||||
|||||||||||||
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T
TFO1
DS1
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Figure 2
Triple helix formation analyzed by the FRET assay A) Fluorescence emission spectra were recorded for DS1 (0.5 M),
TFO1 (2.5 M) and DS1 annealed to TFO1 in binding buffer. B) Same experiments with DS2 and TFO2. In both panels, a
decrease in FAM fluorescence at 520 nm and an increase in TAMRA fluorescence at 580 nm is observed that is indicative of
FRET.
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formation of TFO2 and DS2 has not been studied so far.
As shown in Fig. 2B, the results obtained with the TFO2/
DS2 pair are very similar to the TFO1/DS1 pair. This find-
ing demonstrates that triplex formation with polypurine
TFOs is a general phenomenon not restricted to certain se-
quences.
Determination of the biophysical properties of the differ-
ent triple helices
Titrations were carried out with both pairs of double
stranded DNA and TFOs in order to measure the binding
constants of the TFOs to the DNA. In these experiments,
increasing amounts of TFO were added to a constant
amount of double stranded DNA. As shown in Fig. 4,
higher concentrations of the TFO led to an increase in the
efficiency of FRET as illustrated by a reduction of the do-
nor fluorescence and increasing acceptor fluorescence.
Control experiments were carried out to confirm that even
at the highest concentrations the TFO alone does not
show significant fluorescence (data not shown). The fluo-
rescence of the TAMRA group was analyzed with respect to
the equilibrium binding constants of the TFOs to the cor-
responding DNA. A quantitative analysis of these data
shows that TFO1 binds to DS1 with a binding constant of
2.6  105 M-1 whereas TFO2 binds to DS2 with Kass = 2.3
 106 M -1. The finding that triplex 2 is almost 10-fold
more stable than triplex 1 suggests that the A-AT triple is
thermodynamically favorable in comparison to the G-GC
triple by approximately 5–6 kJ/mol. However, it is possi-
ble that quadruplex formation is more efficient with the
more G-rich TFO1 [22–24]. Since quadruplex formation
competes with triplex formation, this effect could contrib-
ute to the higher apparent stability of triplex 1.
The total efficiency of the FRET process can be estimated
at the highest concentration of the TFO where the DNA is
almost saturated with TFO. Under these conditions, the
donor fluorescence is quenched by more than 85% (Fig.
4). This result confirms that the TFO binds to the DNA in
an antiparallel orientation with respect to the polypurine
strand [5,25], because in a parallel orientation the dis-
Figure 3
Dependence of triplex formation on divalent cations To analyze the dependence of triplex formation on divalent cati-
ons, DS1 (0.5 M) was annealed to TFO (10 M) in binding buffer (20 mM HEPES pH 7.5, 50 mM Na-acetate, 10 mM MgCl2)
and in buffer not containing Mg2+-ions (20 mM HEPES pH 7.5, 50 mM Na-acetate). In the Mg2+ free buffer, no triplex formation
is detectable.
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Figure 4
Equilibrium binding constant of TFO2 to DS2 A) To measure the binding affinity of TFO2 to DS2, DS2 (0.5 M) was
incubated with different amounts of TFO2 (10 nM to 10 M) in binding buffer for 10 hours and the fluorescence spectra
recorded. B) The TAMRA fluorescence was determined and fitted to an equation describing a bimolecular binding equilibrium.
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Figure 5
Kinetics of association of TFO2 to DS2 A) Example of the association kinetics. DS2 (0.5 M) and TFO2 (2.5 M) were
mixed in binding buffer and incubated at 37C in the cuvette. The fluorescence emission spectra were recorded at various time
points. B) The TAMRA fluorescence of the spectra shown in A was determined and the data fitted to an equation describing
the kinetics of a bimolecular binding reaction.
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Figure 6
Specificity of triplex formation To determine the specificity of triplex formation, different pairs of non-matching TFOs and
DNAs were tested for their ability to form a triplex. A) DS1 (0.5 M) was annealed with 2.5 M TFO1 or TFO2. B) DS2 (0.5
M) was annealed with 2.5 M TFO1 or TFO2. C) DS1 (0.5 M) was annealed with 2.5 M TFO1 or TFO3. Triplex formation
between non-matching TFOs and DNAs was not detectable indicating a very high sequence specificity of this process.
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tance between the donor and acceptor groups would not
allow highly efficient FRET.
In addition, the kinetics of association and dissociation of
both the triplexes were determined. For the association re-
actions the DNA and different amounts of TFO were
mixed and incubated in the cuvette at 37C. At defined
time points, fluorescence spectra were recorded. The fluo-
rescence of the TAMRA group was analyzed with respect to
a bimolecular binding reaction. As shown in Fig. 5, asso-
ciation takes place within 30 min under these conditions.
A quantitative analysis results in bimolecular rate con-
stants of association of 5.6  104 min-1 M-1 for TFO1 and
DS1 and 8.1  104 min-1 M-1 for TFO2 and DS2. These
rate constants are in the range of results obtained with
polypyrimidine TFOs and slightly higher than values pre-
viously determined for a polypurine TFO using a heter-
ophasic assay [26]. This result shows that the 10-fold
increase in the stability of triplex 2 is in part due to a faster
rate of formation of this complex.
For the dissociation reactions, triplex formation was per-
formed by annealing at 55C in a small volume of buffer.
Then, the triplex was diluted into a solution containing a
large excess of TFO not carrying the TAMRA label. Fluores-
cence was determined over 30 hours, but no significant
change in the FRET efficiency was observed, indicating
that dissociation occurs very slowly under these condi-
tions. In contrast, rapid dissociation of the triplex was ob-
served after addition of 20 mM EDTA to the binding
buffer confirming that the experimental setup was suited
to detect triplex dissociation (data not shown).
Sequence specificity of triplex formation
The sequences of TFO1 and TFO2 differ in 5 of 13 posi-
tions. To check for sequence specificity of triplex forma-
tion, we have investigated if TFO1 can also bind to DS2
and vice versa. As shown in Fig. 6, non-specific triplex for-
mation does not occur indicating that triplex formation is
sequence specific. To analyze the degree of specificity, we
have used TFO3 that is identical in sequence to TFO1 with
the only exception that one G has been changed to T
thereby creating a T-GC base triple. Our results show that
TFO3 cannot form a triplex on DS1 indicating that triplex
formation is very specific, because introduction of one
mismatch base abrogates triplex formation. They confirm
similar results obtained by Beal and Dervan using the af-
finity cleavage method for a different TFO sequence [17].
Conclusions
In this work we have investigated formation and specifici-
ty of DNA triplexes using a FRET assay. This assay has
many important advantages over alternative assay systems
to monitor triplex formation: 1) It is very fast, convenient
and requires only small amounts of sample. 2) It is a di-
rect assay, because only triplex formation can lead to the
specific FRET signal. 3) It is homophasic and does not de-
pend on the separation of free and bound TFO, which al-
ways tends to shift the equilibrium. 4) It allows
continuous measurements and thus is suited to follow ki-
netics of triplex formation and dissociation. We show that
triplex formation is highly specific, because exchange of
one base pair in the double stranded DNA or in the TFO
prevents triplex formation. This high specificity is a pre-
requisite for the usage of triple helices in biotechnology,
e.g. for gene targeting, reduction of gene expression or
mutagenesis.
Methods
Purified oligodeoxynucleotides were purchased from
MWG (Eberberg, Germany). The homogeneity of the oli-
gonucleotides was checked on denaturing polyacrylamide
gels. Triplex formation was assayed in binding buffer (20
mM HEPES pH 7.5, 50 mM Na-acetate, 10 mM MgCl2).
For most experiments, 500 nM double stranded DNA and
2500 nM TFO were mixed, annealed by heating to 55C
for 10 min and equilibrated at 37C. Fluorescence was
measured using a Hitachi F4500 spectrofluorometer using
50 l fluorescence cuvettes. Excitation was at 470 nm,
emission was determined between 480 and 690 nm. Exci-
tation and emission slits were at 5 and 2.5 mm, respective-
ly. Spectra were recorded at a scanning speed of 2400 nm/
min, usually 9–16 spectra were averaged to improve the
signal to noise ratio. To calculate the efficiency of FRET,
we used the fluorescence of the acceptor group (TAMRA)
which was obtained by averaging the fluorescence emis-
sion spectra between 576 and 584 nm. To measure the
binding constant of the TFOs to their corresponding dou-
ble stranded DNA increasing amounts of TFO (10 nM –
10 M) were added to a constant amount of DNA (500
nM). The samples were incubated for 10 hours at 37C
and the fluorescence analyzed. To determine the equilib-
rium binding constants, data were fitted as described [27].
Association kinetics were determined using three different
concentrations of TFO (1, 2.5 and 4 M) and a constant
amount of double stranded DNA (500 nM). TFO and
DNA were mixed, immediately placed in the spectrofluor-
ometer and temperature maintained at 37C. Fluores-
cence was scanned at defined time points for 30 min. To
determine the rate constant of association all data sets
were globally fitted to a bimolecular association reaction
as described [27].
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